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‘Ms c%pter discussesthe dwelcpmem of currentstate-f-the-artc~~ta-
tkml ~etkx!s used k the LkitedStates for analysis of core meltdcm accidents
(H:,~OZheLICal“ore Dismptive Accidents)in E.~Rs. The qb~sis is on the
phenm.enclogica1 basisand nwwrical rwttxxis of the codes S4S, IE13-11, SEt~
am? ?E”:co

1. E Zmix’cnm

T%e dcwelqmentof ccnqmtational methods for Liquid-!:etalCooledFast-
%eeder Reactor(IJ!FBR)accidentanalysisFm longbeen dminated by the diffi-
c.~ltproblm,of Loremlt, disassanbly,and psible primq syscandars~e. Al-
r!wxh other Ei%R .malysis rrethods also are important in assurti~ ~blic safety,
th:scl-.lpterwill dis:ussonly the ccrcputernethodsused in thecwckmistic
;u.-~ls:sisO: U33R corerwlthm, i-e., the HypotheticalCcre DisnxptiveAccident
(I!ai) ,

O.”cr20 :?earsof dmelopnmt frm the in+tial Be.che-Taitnetlmdlt’we pro-
vic!edi.ncrcmfqzlycmplex corputetrcodestl-attm the fastestccqmters avail-
,Iblc,T!wseCOIICSs:mtksize the ever hpoving underst,md~w,of basicaccic!cr,t
~!-,cwmmaintoa consistentmal:mical frmmmrk basedm fum!,awntalconserva-
tion lws. Experiencekm sham that many of these ptiamwna are cmplex and
M;:hlvLr,ter:lctive(seeCt.lpters 14-15). Mrkmre, our lmdcrstmd~’gOf thn
rests-l;u-pclvm SW1 L-sc,qleexperimentstkt oftenare purf(wml ~-ith sinulant
~.~tcridls,‘b r-anycases,directacperimentalcL~tame u-dw,~ ir.d=l~, Thus,
Lm*,cmechanistk coc!esmst be able to pmvk!e relL~blem! cmpru!znsivepre-
t!fCLiC,llS of fill-scale accident behwior,

Ilmmusetheprl.rm~mdfImIIn m IJFT3Roperate~at low (nwlrlyntxspherk)
prvssurelsystm ~!esiflcii prc’~’lldea cqlcte 10ssof cmltmt and wre mcov-
cringas the initktor of a tmole-coremlt, ?he only accld~mtlnitifitor9that
C.WIle,m.i *:o tile-core mlt are (1) tr.msfents ctitned ~=lth fnilure to slwt
(!iF.m (scr.m) , (2) shutdcnm loss of decayhc,qtr-al, (3)core-wfdefnilure
jlropw,i~rim(wch as initiated by local flexbklwties), and (4)rapidand lame
rcl.w’t1vi.ty hwertLom

...-—..-----,..— ~--.-
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timally elm+mte al1 of these; but rrwltdwns i.niv ‘aterl L-, ti!:leastu[leof
thesemechaniws are usuallyccmsideredin 1iwnsing evalw Fhns Xn che L%,
the tw transknt~ thathave receivedtherrcstattmt icm are tk loss-of-Ekw
and che transienroverpcweracc~dents.

Althmgh rrwLycodesImw bwn developedfcrH(7M ;.Lwlysis,we will cuilcm-
trateon the phec~ancxmln~ica’1basis,rnrwri~alme!?.tmds,arideqmrimmtal verifi-
cationof themaj whole-c~reacciclont

?5
lysiscodesor code seriesLu.I:d in

t~.eH, i.e., %4S, ‘. VENUS,617SlPf”Y”R,8~m’[1WXm. ‘n ‘Jf.ewor sir ilarml’,’s
are being use(! in

i
Weral C(~.;ilLrfCS far ti~~ ..~~ alalys ~ ; , C zhw 1;S CCxk!b ,

suchas NELT-111,1 TWUJL, 12 ml VE?US-11113provideimport;~lics~~Pimentary
analysiscapabilities,lmt will not be discussedin dewil here,

It is sxtremly difficultto calculatein detail meltdown s.qwnces fran
initiation thrmgh cmplete cessationof simfimnt materialmtion in the
primry sys~en. Indeed,this goalhas not yet been accanplished.Howver, the
mechanisticmethodsnotedabovecan now tracksequmces untilneutronicevmts
and the resultingawrgetics are largelyover. For mst cases,the primaryre-
mainingandlysisproblenis to assessthe potentialforMelt-thrmghof the
vessel, Altlxmghthe availablemthods providea mechanisticfrm .:kfor
analyzingthe mergetics of accidentsequmces, therermain nwxlelinglimita-
tionsand uncertainties.There is a strongned for exprimmtal verffication,
particularlyof t-iwnmdelingof the ccnplexprocessof gradualcore disnrption.
In addition,S$S and SZ?XR are very longmrming, Theiruse in a production
mde fornmy -lculationsis practid only on the largestc~ters.

Beforediscussingthe details ~f the caiesnotedabuve,it is usefulto
discussthelshistoricaldevelopnmt as related to the ph~ logyi.rmlved
in whole-core-dlsmptiveaccidmt sequences.The detailsof‘coredismptive
accidentphenmmoiogy are presentedin Chapters14-16. The purpose of this

Wcth is to reviewHCDASfran the viewpoi.nLof ndwriisti~ cmputer code de-
velopment, In additionto the mm-ptmae-flewphenm-~logy typical of Light-
Nater Reactor (L!’,’R)accident malysig, LMBR melcdmm accidentcalculations
mst focuson reactivityevents. Mxion of any of the coremterials (sodim,
steel,fuel,and control) cm have a s~-,nfficantreactiti. effect, Fuel culi-

rpal”tion,●he concernof he origfnalBeche-Taitanalysi9, has a potmt ial for
leI!@ to severeexmrsion9. Cunwmely, outmrd redistrilmtionof fiel is
the cmlv way to ach?.evea permanentlystmtdwn neutronicstatemless control
rodsare insertedintothecwe durLaRthe accidentsmuence. The ti~htcm-
pllngof the ccmplexmterial mtiona’‘withreactitity effeetsdmmcls ‘consi&r-
ablecare h therrcideling,

Until abcut !.973, MM sequence9
tivclymique pluses,slm.nin FiE, 1

2.1 AccidentInitiat:~m

usua~.ly were .malyzcdin the fmr rela-
.anddiscussedbelow,

This phaae of a mechm,fstic accidcmt annlysisinvolvesa calculatIon of
the core ncutmmics and thclmnl behavior to tlw point of loss-of -subssmblj
gecxlt?try . Ber.wse most lXFER des l~s uw ri~idsubassemblyducte, intactsub-
assm-blies are c~pled cmly throughf.nletmd outletthcmll-hydr~tilic condi-
tl.mqanc!throughreactorpcxm, 9dwmmblies with sim.llnrpowr, flm, ad
imadiatim ccmditimg are ~enerall y, althp~ mt necesgar},l, l~,d:~ether
Lngroupe, AL1 the mbass’mlblimwithina givengrmp, or cL #



t i

,—. ___ i .-— -—.
1

I Dl:A5.. ””M~LY
——

WholeCore Hydrodynamic Trea[menl I

I DAMAGE EVALUATION
— I

I Work Energyandsystem Reswnsa I

F@. 1. Tradit.icmalapproachto rechanist!caccidentanalysis.

assmed to behaveid.sntically.Phenmmw suchas transienttkermal-hydraulics,
sodiunhili~, fuel-pinrmchanicsand fililure, cladding and fuel rmtim, and
fuel-cmlantinteractionsare trmtec! ~i:h one-dimenshnalrudels Fkure 2 de-
pictsthiskindof mltichartnelcore reprecen’~rion.~4~,e cultic%nnel S4S
codes (W2A

%’
its succe ors)were precededh the US by r,t~ltichwmelcedes

suchas FREMN and Z4RT.?8 ‘IheseearliercodesIncludedsimpleparnetric
mdels, particularlyof sodiwnvoiding,and wre desi~d to alkw a veasombly

Fig. 2. Wlticharmel corerepresmtaticnh a m~-dimmsimal mdel.
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realistic Imt cmservativeaccomtfng ~L reactivityeffect for inputto the core
disassemblyC*S availablein the late 60s, quch as MARS.17 AC that t~ ~

ttiUS, HCDA ar.alysis;:asfocusedon 1000NW-sized reactom, and accidentse-
quenceswere c!!mdmmclby high reactivityinsertionratt”sdue to la.r~e,~Sitive,
sodiunvoidwrths. Theseenrl>mltichmnel codesled cm the reccgnitio.that
a mchanisttc tli~a~imlt of nm,coheremw :If SO&m voidi.n~ ammg mhassembliesof
vary@ M Ihl l~~~rad so.liunfl~ Wds i~Yt .i[lt .18

2.2 IlisassmblyAnalysis

A “cla~sical”dis.asscmhlytypicallybeginswhen a pronpt-criticalneutronics
wcursion is induced. ~ resultingrapidheatingand vaporizticmof the fuel
producerelativelyhigh pressurestht disasssnblethe core,i.e., move the .Fuel
alcwardrapidly,and therebymd the pwer Imrst. This disasstily processwas
firstdescribedby the Beche-Taitrmdel, In thisapproach,the corews treated
as a hmgeneous fluidso that* msterialrmtim dw-ingdisassemblyccwldbe
calculatedus- a hydrod-c approach. The ori~ird Betha-Taitcalculations
werelime in sphericalgemetry, The reactorpus was =lculated using :wL’t
kinetics with first-order perturbation theory to estimte the reactitie] feed-
backassociatedwith thermterialrmtion, AIMlyticapproximationssimplified
the equmicms so thathandcalculatimscmld be mde, The methodwas lacer
codifiedin theWeak Eqlosion code.19 AC aboutthe S- time,metbds using
nmwri=l solutionsof one-dimensionalhydroamm cs and neutrontransprt

4equationswere developed,SW!!a~ cheAX-1 code.~ ●

Variationsand improwmnts 21 L~bsequmtiywere rade to thebasicBeche-
Tdit approach. Dopplerf eecilmckms inchKM, inprovemntsweremade to the
quation of stateused to estimte the pressures,mre accuratenwtronics km
iqlewnted in sme roses,and the capabilityfor doinghydrodynamicscalcd.a-
Eiunsin tm-cklmensional(r ,z) ~eanetry has added. A :<vber of di=sssmbly
cwpucer cedeswere dweloped in the LX as successivehprmwnents werermde,
~ithLINUS-117now ~eing thermst used of theseclassicaldisassemblycodes.

2,3 IMqe PJaluation

Ihring m follwfng reactordisassembly,the rate at which Lhe therml
ener~ releasedin the tram imt can be cmmrted to kineticenergy(wrk) must
be esmblished. ‘Ms is neededto waluate the damge thatthe excursim might
causeto the system, Work F= ei~kr cme franthe mpansion Of the ccremte-
rialsthemelvea or Em the imeractim of thesematerialswith the sa.lim
cmlmt caus@, its consequentvapxi~t il~~md qmsion, Earlystudiesof
thelim~~epotentialof C’ore-dismptiveaccidentsassuredthat thework on the
mmnuI.lirIR r-ctor stm t.’lresWJUM b done by the wpmding fuel materials
only. The n~~ IWO*pvceritial ws walmted by iwntrop~c qmsicm
Gllclllations.-

As largeroxide-flmledreactorswere considered,it ws reccgm:ed that

the tr,msfcrof heat frm the hi.gh-tqeraturefuelto the smlfuncouldccmsl -
erablyincrsaw the potenti:ll work availableto do dxmge. !!H~ch ~d F!enzies 3
cnlmlatcd the maxinun wrk potentialthat ccmldrmult if heat tram fer to tlua
sodiunwere extrunelyr:IpL16 Becauseve~ hi~h hmt-tmansfurrateshad bcm
obsemer.1in reactor,qcl” [dents SI-ICj experlmnts (!%-1, SPERT)attmtion turnedto
predict@ time ratesI~yaA9smingfrqgnmtationof the fiel intosodfun. In-
itially,thiswas dcmeparametricallyby v.aryi.ngthe fuelptiicle sizeand
mixingtimeand c-ilmlathg the resultingheat-transferratesSE a basis for
aasessi~ dmnagepotsmtial, l%rlyresultsof chja typeof calmlaticniwre



,

24 25reportedby Cho,M- al. =d Padilla A reviewof the historicald[:’wlq :ent
of ~=k-~iergy mnversion js availablein Ref. 26,

Chce th pressuresourcetemnis establistmi,the responseof the syswn
can be amllyzed. This usuallyis doned ~h a hyd~mlynmiccala11ationof the
pressurepropagationcoupledwith an analysis

Yi
tb scructuralresponseof the

iqortant systanccqonents. The ~CO sw ies of codesis widelyused in rhe
US for thispdrpose. The i.nitialversionsof REXCOused hydrcdynmucsmethods
simib.r to thosealreaclvin use27al the Las Alarm Scientific T.aboraiory (1A.$1,)
and bvrence Livemx3reLaboratory(1.U),

2.4 PostaccidentHeat Remval

The final.phase in KIM malysis (excludingcontai.mmtand consequence
analysis)is an walution of Postaccidmtheat remwl (PAHR). The objective
is to ~,lyze the long-termdecayheat remval fran the fuel follming a dis-
ruptiveaccident. ‘Ms bs mainlytakenthe fmn of definingpossiblepost-
disrupcivefueldispositionsand of analydng the subsequentcoolability.The
dispositionof corermterialsm,d the requiredmaswes to assurecoolingof
the core &bris are, of course,dependenton the reactordesignunder
c=lsidera~”~.on.

Detail~dmechanisticanalysismetbds are not yet in ccmmn use for this
Froblenald “~ ~111 not discussthisarea furt”her,Reviewsof the plm~~lO~
are availablein Ref. 28.

2.5 Grdual Core Disruptionand the‘Mnsition Phase

The relativelyclear-cutseparationintothe phasesdiscussedabovehas
disappearedwithmre dewiled analyses. & initticing-phasemdels imprwed,
the resultinginitialnuclearexcursionsbecamep~ogr~ssiveiyP+Lder,largely
due co themre accuraterepresent ionof intersubmsmbl noncoh~-ence.TM ~

cnmcohermce arisesmatilyfmancarefullyaccomtj,~gFor t e differer~.-esin
per lwel and coolantflw rctes_ the sulxssenblies,Tilenet rtmlt of
this is thatcalculatedaccidmt sequencestend co proceedintoa graci,mimelt-
&m of the core,insteadof ~W*q in a vigorms disassemblye+mursion,ThM
doesnot m thata disascanblyewrrsion ~xmot be imked at sanepoint in
the accidunt,but Rfcrely“At it is UnLIKel~ in the early S&IF,eS of care melt-
&m. Anotherimportantreasonfor c.maideringmilderaccidentprogressions
was the concentrachnin the US on theFast Flux TestFarilicy(ITT) and the
ClinchRiverBreederReactor(L-) reactorswith positiw sodiunvoidworths
much snaller than the 1000-MJe reactorsemphasizedin tk,emiddle-to-late1960s.

As an emq31e, a characterizationof the CRBRunprotectedloss-of-fluw
(LWF) accident (assuning a preimadiated core)consistsof (1)mdercoolm,
of the core; (2) wx!iun boilin~snd mild power increwe luding both to cladding
melting and relocationand to claddingfailuresin partiallyvoidedand non-
voidedsubassemblies;(3) fuelswelling,slunping,and/ordispersaldrivenb,
fIssiongas and sodim vapor;and (4) melting of subassembly cans fnitiac~, a
“transition plwse” of

T
adual disruption. This latterphaseis characterize

b) steelrelocationan vaporizationam! fuelmeltti~and mtion untilno co~-e
fuel mbassenblystructuresrenatiintact, In thiskimlof accidmt sequence,

M
reac vity Lnserticmrates frunmdiun boilj~ are only a few $/s at the high-
est, Similarly,claddingand fuelmtlon in intactsulx smblies typically
leadato at most a fw $/s. Eken in lamer reactorswith .~ge posit;ve sodiun



void reactiviL!M, rI~wfmn pcxitivevoidingreactivityratesfrannorml boiling
are givenas onlya f- tensof $/s30by SAS3A calculations.

The definiticmof the transitic~1phaseled to themore gmeric accidmt
prcgressi.ondiag-ranshc+aIin Fig. 3. 7he progIw;ioilfL-cminitfit~ Phaseto
a classicaldisaswnbly is incl~dedas is the gradwl core disruptionof the
transitionphase.

T.nthe transitjon phase,a subs=:,mblyswcessivelyprogressesth?wgh
coolantvoidingand melting,generatingprecsuresgmerally too low to cause
a massivedispersalof nmltenfuel franthe coreregicm. The subassemblycan
wallsmelt quickly,and gradng regionsof nmltenfueland steelbegti to form
in h hottesLportionsof the ccme. TMS stageof the accidentis likelyto
be accamanied by a nunberof mild ~cursions inducedby continuedslumpingin
successivelylaggingsubassembliesard by the re-entryof fuel that=s temp-
orarilydispersedby mild pressurization. Recmt SIJMER-11 cal Culatimssl in-
dicatethat=cusions occucwith only a f- tem of $/s for-k reactivity
insertionratesin the CRBR UIDF transitionphase,but these
,subassmblies becaneimolved.

The neutronic events in this sequence ran be terminated
First, the transition phase c= end relatively holy with

incr-se as more

by threemechanisms.
gradualfuel renoval

r , *
ACCIDENT INITIATION EARLY TERMINATION

m
Inractsubassemblies In.placeCoollng

t

\l,’,,, “.: .,,,,, CORE DISRUPTION PHASE,,,, ‘.. ,,’ .,..

,’ ,’. I

r 1
MECHANICAL DISASSEMBI. Y

Enurge[lc Dlsperml Mol~ou~, Bollout “
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Fig, 3. Cuqrehensfveaccidentprogreesicmdiagrm,



by mild ~lsioIL>, meltoutprocesses,or both. Second,a Lott14 coreblw-
dcm cm ocmr, in whicha moltencorecompletelycontainedby the surrounding
stmcture graduallyheatsand pressurizesdue to decayheat generationand/or
mild neutronicbrsts, themblowsdcmn (expands)followingsuddenopening(due
to melt-Lhrmgh or neclnical failure)of the .w.rroundingstructure. Thtid,
the rapidacpansionfollovi% sufficientlyenergeticneutronic=curs ionscan
renovesufficientfuel franthe core to leavethe reactorpemawntl y shut dorm.

A developingar- of aal ysisIUS h~en the calculationof the cxt{nded
nmtionor core expansiunfol.lcwingeitha-a disassanbly-typeexcursionor a
bottled-coreblow!-. SIMIKK-11calculations32of postdisassemblyexpansions
have indicatedconsiderablereducedtherml to-kinetic-energy(work) comersion
efficienciescanparedco the rme conveu~iud isentropic=pansion calcula-
tions, SIMER-11 can bridgethe analysiaar=s betweenS4S and l?EXCObe-
causeof its abilityto (1)follcnddirectlyfran SAS initiating-phasecalcula-
tionsintoa transitionphase (possiblyinclud

9
severalnatronic excursions

ad progressingto a completelydisruptedcore, 3 (2) followthe extendednate-
rialnmtionaftertheseexcusions,and (3) det-e pressureloadingson the
system.

A dfffercmtpath to texmhatinga disruptiveaccidentsequace b=fore
eithera disassemblyor a trasition phasewas firstnotedduringthe analy-
sis33of unprotectedtransientovT= accidents(U’IUP)in the FFTF and is
indicatedby the “earlyterminationpath in Fig. 3.

A L~P accidmt can be characterizedby (1)pinsfail~q beforeany sodiun
boil- (2) the ejectionof nmltm fueland fissiongas intoflowingliquid
scdiun, (3) localizedvoidingby expandingfissiongas and sodim vaporiza-
tim, (4) dispersalout of the activecoreof saneof the ejectedfuel,and
(5)kane freezingof moltenfuelkt inccnpletepluggingof coolantsubctiels.
U the reactivityim=tion &i@ the ov~ ceases,thm the F~elw=ep-
out - lead to a neutmni=lly stableconditionwith in-placecmli~; of the
r-king fueldebrisand unfailedpins. Cmversely,continuationof the driv-
~~~ty or a lackof adequatein-placecoolingcould leadto whole-core

U a transitionphasedweloped, it wuld im~olve considerably
differentc~ ‘{t~,onsthana UUJF becausefullcoolantflowWUIJ conthue, at
leastin urd .~ed channels,and all ckrmels wuuldaxperfencethe full-core
pressuredrop, Generally,trmsition phasebehaviorfor a UIUP initiatorhas
not been exfid in any Cktdil.

Nit-. the aboveas backgromd, w = tie sm of the specific codes.
The follcxdngcodedescriptionsincludebriefdiscussionsof thenunerical
methcds used to solve the equations. Sane introductory information on nurr.er-
ical metkds 1s preselkedin AppendixA. ‘Ms includesdefinings.cmof the
key termsused in ttivarims code descriptions.

3. lHE S/4SACCiD~ ~ITIATION CXIDES

The SAS ca&s represmt a lonRdevelopmentfrun the single-channelSASIA
versionthrcughS&2A, .SAS3A, SAS3D, and SAS4A (soonto be cunpleted).This
development,as for other LFIFBRaccident analysis meth&, proceeded tithout
thebaef it of an adequatepkmmolo id data base. As might be emmted,
thisresultedin sum s

T
ificant rrcde f

w
efficiencies when cunpared to ex-

perimentaldata,althougIths successes ~3 with saneof the early nmdels were

T
atifyiq given their ad kc nature. The early mdels also kve tmded to

ose credibilitybecauseof nuwrical deficiencies,particul~lyas theirscope
ws extded intoan41@ng nmre slwly developingaccidat secpmces. IIIthe



initial developments,to cu:;e %;ltarand Padills,
14

“attention to mathenat ical
solutions was norndly mly givm to the degree necessary for obtaining a stable
and accurate, but not necessarily ef f iciat, mnerical solutim. ”

SASlA2wzs a single-channelcede that .includ~’clpointreactorkinetics;a

&
ccmbinatun of annularslip w-phase flewand sirgle-bubbleslug-boiling
nmdels;3

F
elastic-plasticcladdingand elastic-fueldeformationnmdel,

DEFORM-1;3 a transientfuelpin heat-transferrntel;and an i.ntermlswitch
to the MAM17 di.sasiemblymodulP.

fie soliun-boilingmdel was laterccmpletel.yrmittm as a nmltibubble
slug-boilingmodel for

5P
IIUltichannelSAS2Aversicm.3 A n- fuel-pindeforma-

tionndule, DEFORM-II, alsowas includedin a versim of T“9A. SAS?A did
not includetheMARS d.isass~lynmdulebut prmdded punchedcutputthatcould
be used as inputfor initialconditionsin theVENUS-IIdisassemblycode.

The phenunmologicalstructureof
9 9

in Fig. 4. c S3A4 con-
fMined the firstmodels,such as CLAUS,3 ‘~i~CI ,4 ~ ~,4 to all~

canpletecalculationsof claddingand fuelmotionsinto the transitionphase.
SAS3Dused the sanemodelsbut restructuredthe code formre mxnericaleffi-
cienc and to allowup to 35 chanels inst=d of the 10 allcxd in SAS3A.
SAS4A~isan

Z
codewith a n- scdiun-boilingmchd.eand with CLAP,42PLL7102,43

and LEVITATE replacingche equivalentmodelsof SAS3Aand SAS3D. Herewe will
concentrateon the dweloprmts thrmgh SM3A but till relatethenewerrdels
OS thenot yet rel=sed SAS4Ato the -lier ones as appropriate.

Fig, 4, SAS3A mdule relaticmships.
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3.1 Scdi~. EOiling

The scdiun-tu iling model used in SX3A and SiAS3Dbegan as a new version of
the single-lmbble:,lug-boilimgnmdel includedas an opt cm in SASL4. ‘he new

iversionwa~ sinl-lar to the rdels of ~cmenbe~, et al. 5 and of Sc.hlechtendakd.f}6
and includedan explicitcalculationof vaporizationof a liquidfilmremin’ing
on pins afterv~’iding,of condensationin colderregion..,and of vaporizaticm
or cond~Eatiul~cm the liquidinterfaces.lhis single-bubblendel was appro-
priatefor sih~t“ions involvinghiRh superhemt.

However,earlycalculationswith superheatslcmr th 70°Cshowd that the
lowerliquidslugheatedwell beyondsaturation,indicatingthatadditionalbub-
bles shwld form. n-isfi~.rlelthenwas modifiedto allm a ,WW vqmr bubbleto
form in the liquidcoolantat any pointwhere Lhe liquidtemperatureexceeded
the localtime-depenkt saturatim temperatureby mare thanthe criginalsuper-
heatcriterion. It also*9 observedthat,becauseof thehigh rate of va~r
productionand theresultingvapa velocities,largeaxialpreswe gradi~ts
should=ist in a largevaporbubble. For thisreasont!’henmdel-s nmlified
to accomt for the pressuregradimts and the resultingmltibubblenmdelwas
includedin the standardversionof SAS2Aand hi SAS3A. Figure5 indicatesthe
conceptualbasisof themdel. It allcwsthe forustionand continuedpresence
of a nunberof bubblesin a channeland follms the IxMles eitheras theymove
up a channeland collapse(orreachthe exit)or as theybecom
void the channel,

One-dimensionalEulerianequationsfor the upperand luwex
(orthe-wholechannelbeforebiling starts)are writtm in the
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where Lj.is the liquidAms+ty, c is tlwn. s-flow rate,r is the Fvess~e, E
is the accel,eratiu[!due to gralAty,and (“Jp!”Jz)f is a frict~m “es:~me~adient.
A Lunped-par~fiter;.h,.::tmcr:.-,..ion for hth upper and lw~- 1. ;uidslum is
ob~ainedLy in h?~’: E iv~ Eq. (2)over the len?~hof the .:!.:%.TY.efixedgrid
used wit!It% ;ap c reyim “.A~ts thissmethin~ of a cu”~.fr.d ~.ulerizn-L3grargia:l..
Schme .

Fur sml 1 !mbbles,the ~lressure drop ~ith~i the bi;”:;blr js ~Lqli~ible;,cd
the bubblegr(rTh is detmniwd by mupling t}IeI’mt:]tv’eqL-+:i(;r,sfor the 1:“;I17(1
slugs‘+”ithan mergy ak -;3ssbalancein the ? ~)’ie,a:,.,mi.ngcat’-:l~ion(: ‘:-
tionsAnd spatially uni fo.nn pressu-“and ceiperature.In the casmof la!KC
txbbles,the voidscan ~tend uve regionswith consjclerableaxialsurfacete-
mperaturevariaricl.ardthe subsequentvaporizationand coruhwtion can rn 15P
high~.~a~rvelocities.This acceleratimand the frictionaleffectsare ac-
countedfor in an axiallyvaryingvaporpressuremdel. In thismdel, the
vaporpreswue, teqmratures,ad mass-flowratesare calculatedat f.~ednodes
withinthe bubbleand also at the la= and upper interfaces.~iS USeS d Sil’ll-

ultaneousSO1’JtiOIl of t% =por celismmentun md ccmtinuityequationswith
themcrwntm equationsfor the liquidslugssett~~ the tidary conditionsat
the interfaces.H-t flow thrmgh the liquid-vaportiterfaceis i~ored in this
mcdel and the vapor velccityat tk interfaceis assumxlequalto the interface
velocity. h additi~, the pressuresacrossthis in~~L-faceare considered
Continums.

The SAS2Amodelaccmted mly for
SAS3Aa movingfilmtr=ment was added
shear. ‘M frictionalpressur~drop in
mationof uavesor instabilitieson the
for by usinga vapor frictim factor,f.-.

fiLm dryout by vaporization, b lt far
tO accountfOr fih stL-@p@ by ‘lapor
the vapor is increased due to the for-
surfacesof the film. This is accomted
, in the form

[

300 ?If (Wc + ‘jtj)
f,=fo 1+

1T=2~ ‘

vhere
f. D single-phasefriction

W= = liquidfilmthickmess

!J3= liquidfilmthickness

J

factor,

on Clackling,

m Stmlcture,

(3)

= qyrfaceareaof 5tmcture
“2

-——
suie a.r~Zi!f?1$2J*—”

Iln- hydraulic dimeter, and

)ff _ user-supplied titiplicaticm factor.

The result @ lar~e shear force on the liquid film tends to lead to early lcxal
@outs .

To obtain rruneriw 1 s~ability forreascmnblyl:r~etimc steps,an irpiicit
diffurenciqqschemeis used,with tk resultant~~~~ltiine~~set of ~b~tions
solvedby Gaussianellminatim. Th,e-stepcontrolis usedwhen vaporpresmres
in any CRII incre.~seby nmre tlum 10%dininga cycle. The reducm!tirw step,
:,t,is calculatedfranthe originaltimectep,!,[Oand the fr,~ctionalincrease
in pressure,?,p/p,by

,’.tn - 0.075 t
ho :p ‘

(4)



The aboveprmedure gim Eocd resdltswhileallowings.tfficlentlylargetire-
stepsizesto L-smderthecalculationsecaunically f-sible. Overall,tk
SAS3Asodi:mballingmodelha~ pravideda relia?.lesolutiontechnique,partic-
ularlyfor l.nss-of-f!-~ condjticms,whichhas prcmm to c-and-11 in cap.ri-
sonttith nunwru,.lsh“ piJ.e l~F ex~.~t.-in-lts,suchas in Refs.47-49.

The IMsic aspectsof themdel are being retained for S3S44, but refine-
wmts are being:-ude,as dismssed in Ref. 50, to e~l.endits rangeof validity
and to prdde a :rnresophisti~red soluri.onte~’hrl:que. The new SXM rndel
(1)accomts “‘-J:9 :slyfor th coeiist=,ceof sk; .xnvai r md fissicfilP,dS in

voi&d regions;{”(2) allcws&at transferfran dried-uutcla:iingta tk sodiun
vapor/fissiongas mixtureand superb-tingof thevapor;am (3) accamts for
tmh spatM and tenporalflowarea changes,includingtixlsegivenby the
claddingrnotzcmnmdel. The -rical mthod used to SolvethevaporcaMema-
tionequationsis a nultic t generalizatimof the original@licit
Continums Eulerianr,wtbd.5 A9 in the SAS3Aruvingfilmmdel, the vapor is
ccupledto thenwvingliquidsochm filmal the claddingas lmg as the film
rsm.im. Eothndels essemttillyp~de a w-=locity field(va~ and
liquid)tr=tment for an armularfluwreg~w. A cunpd son of the -1s for
a dcdation of a TREATLOF testis giv~ in Figs.6 and 7. Despiteva.ria-
ticrnsh voidingprofileoscillariuns,the overallbehavioris very similar.

3 q CladdirgRelcwaticm,6

In analyzingan unprotectedloss-of-flwaccident52 km FFT’Fit was recog-

nized that, tindertk expectedrelativelyconstantpmoerconditions(theFFIF
sdiun void ractivity effectis smll) , claddingwuld melt suw 2-3 s before
fuel~Lting in th subassembliest~~t firstvoided. tis, alth%h thereww
no ~rect eqerqtital evic!aceof suchan effect,it was r=sonable to as-e
thatthenmltenC1.addL.Awouldrelocate(possiblyrwfng out of the h-ted re-
gitm), freeze, and plug. lhe firstsuppositlmws that t~ claddingwuld
drain domward and plughelm the fuelregion. Huwver, follmdng a suz~estion
hy Fauske53it was zeccgnizedthatu-d sodiunvelocitiescmld be hi~h enmgh
to causeflocd

%
(waveformtion),and the resultinghipjlfrictiondragwould

leadto upwardC ddingnmtionsimilarto the sodim-filmstrippingeffect.irL-
cludedin the MS voidhg model. This cald tha leadto claddingfrcezi.ngand
an iniLialplug fomation abve the fuelregion,followedby drainingw~d plug-
gingbelow the fuelregiunfrancladdingthatmeltedlater.

Ln additionto themechitid effect on mdim voidingand fueldispersal,
claddingrel=ation can hve a significarwreactivityeffectand a significant
the-l effectin thatrsavd of the claddirqheat sinkallou%fuel temper-
aturesto riseme rapidly. To anal:,~ecladdingrelocation,the CL&MS mdule3g
has developedfor inclusionin SAS3A.

Thisrcx]eluses an explicitcalculationof therotionof mlten clad driven
by the sodim-vaporpressuregradimt md fricLicnnldrng, The physical picfwe
is one of cliscl.’etcclad se~+nmts that can ccrnbtie by +, cr.er other clad
se~ts, Each segment nwes tier the forces of K*-avity, h? ck’mnel pre=ure
gradiat, the frictimal drap dw to streanlngsodiunvapor, ano the frict im
between nwing clad and the #uel pin. Feedbackeffectsare Incluckl to rrudify
the cmlunt-cl-armel sodiun-vapor frictiom,the conlant chmnel hydraulic dLm-
etcr,ad the andiun-wpnr flow area, Hat-trnmfer effectsare calrulatd by
fncludin~relationshipsdescribingthe kat transf~ fmn ting clad to sta-
tionaryCM and frcm statiun~ hl to rovingcl.d,us well as a variable
viscositynudel fornmltenclanas a fiction of internalenergy. Cl&ld@
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~~!ar,isticx&l to inclti.eall these effects, albeitstillin a srxm.%ac
p.wr.etricf~%h,im.

Sii?Y ~ro’tides a me-dimrsional cmpressible-ty!rcd~ .rics calcdacion
wd can be used eitherto sumdv derailed in~tial cor.ditims to a ‘.E7X-11 or

uscti directly as
mtirn (i~lying
F&l mrion is as-
f’:el,

the ‘‘slwmed” re -
rion zrcated in the S~!PY calculatim sti in Fig. 9 .“ Llmelted fue’1 alm.’e
[he sl~ed regim can fall into or be pushed out of ttd~ slwmd region. %e

FALLING

UPPER
FUEL

SEGMENT

SLUMPED
(COMPRESSIBLE)
REGION

LOWER
STATIONARY
FUEL

SEGMENT

Fig, 9, lladtilly enlarged gemmtry SkW@ fuul mt Im in a .SUMPYcalmlaticm,
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L7rgeregian. If rezoningttm is performedus@ con~cantinternals,the
pressmuzzegr.dientaL LI,U .up drd bottan of the cell is Llcrea:;ec!.-.’- rmcially,!,:
utihg rapidacceleratimand canpressim of slowermmdng cells. This problem
has resoh;d by performingthe rezoneso thatcellshve a certainminirm mss ,
ir.sread~f a mini-rmlqqth. Mwn thegrid-msh is rezoned,the fjeld vari-
ables are transforrwdbv a linearinterpobticmbe~een the old and na mesh.
srl-JCtii~e.

Y n.irmku’n rass rMpire. ~.it also +s si@ ficant in tire-step control,
“fi+.ich,’~~basalon a Ccurantcondition.5 M-m a cell ,tiitha mall armmt of
‘;qor is cqressed, chevoluw (orlineardimensionm thisone-dinmsional
fm-nulatim)is reduceds,lhstantiallyuntil single-phaseconditionsare reached.
%JS, the dentinatorof theCouranttier (thespatialmesh) is reducedsig-
:,ific~~tly,requiringa crr.pensatingtire-stepreductionto insurestability.

SUT’{ is beingreplacedfor SAS4A with &e LEVI~TE model ,U ~,.hichpro-
‘/iJcsa more cmsistentlyintegratedtreatzxmtcf fuel,steel,sodhn, and
fissiongas dynamicsin voidedcm nearlyvoidedregionsof channels. LEt’I’L+’lT
tw,~zsf~lelnwien insidedismpting pins and,as a pin beccrwscmpletely dis-
r:~tcd,the cluwel treatnenc‘kcludestY,reevelocit:~fields(a liquidfxl and
:+ECCLfield,a solidFu1 fra~at or chunkfield,and a mixedvapor field)4n
an El]wian ,~id. The solutiontechniqueis explicitin timeand is coupled
ti,stil:ra’l:Jto Cl-ieliqutdsodi’nslugUlculation in the channel. LEVITATE,

J‘:arimshel brea.lmpties,~~zr~;?}~includin~.1 sweral flew reqines,cladding
and scmcnuc ablation,fuel-stc+l mixing,and fuel-steeltiwe freezing,
ruw.ws mst of ther-cdelin~lti.itlticmsof SLL~o Becauseof its stillar
ex~licit nrcrical traaent, h(~.:~.w,it is not likelytr decreasecmput’tig

.}~,ificl’u-,:1:/.ti:.,u~~:



su.fficientl:?relievedby localcladdingdeformations.TITUS,n ultimte streng~h
failurecri!eriun(thetws L pressure)ratherLbaJla strainfa-~urecri~erion
was used in SAS/FCI.

Both DEFCRM-11and the burstpressurecriLerionmodel in SAS/FCIhave
seriousLtiitations,and severalmdels havebesm c!e~elopedtht rmove these
li~itaticms.One of the firstof theseis U.!l~3t.~ichuses a :lwk!irglife-
fractimn darwge correlation to predictfailuread !-.-Isbeen iwI~fiedby compar-
ison:CIa largenlfim:rof TlW4TTOP experiments.LAFYlcalculacicnslwq:eindi-
catedthatdependingon trar~sicntconditions,eithertnerml expansion,fission
pas release or a ccmbir~tim ~ be the cawe of failure, A similarnwdel,
DEFGC!-111‘o has been developedfor inchwion in !%4S4.

3.5 Fuelt!otion/FCIin L’nvoidedCbmnels

60of a mild gverpcwertransientHCDA in FFYF assm.edtbmtEarlyanalyses
if the fuelpins failedat themidplane,plenm fissiongas releasethr~h the
failurecmlldcauserapidvoiding,leadingto a prmpt -critica1 transientand
coredisassembly.Thismechanisnwas recwntied to be uru=listic,and later
m.!eling concentratedon de;eloptiga more consistentscenOriofor the phenm.eu
followingfuel-pinfailure. The FISFAXmode151was used to m.aluatea scdiun-
ti prcmpt-criticaltransientfn H and v+asthe ftistto J.ncludethe effectof
sodln-indeed fuel-cwlant interaction(FCI)dispersivefuelration, This
concept, alongktithmore -ealisticestirwtesof fuel-failurelocations,vent
intothemx!elsused b laterFFiF timlj’ses Thesean~lyses’indicatedthata
~d.raulicfi~el-seqmt meclxniw couldterrmate mild r=cti’~itytransients
well beforeprqt criticality‘~:asreached.33 Calculationswith the SAS/FCI
moL!!le40in 9JC3Aalso indicatedearlytermination,althoq?hin both cases the
wx!eiingorinimlly was dp:elopedto providea realisticesti%tteof the r~c -
tii++’~insertionrates as initialcc.mdithnsfor core-disasse+ly calculations
ra~h~rkm to predictcmly accidenttermirtation.

SM/FCI is essentiallya “point”or lwped pararwtermodel as opposedto
the one-dimensionalvaidtig,claddingmotion, and fuel motion cxx!elsin SA$3A.
S’&/lZIintq?ratesthe effectsof fuel/fissim pas mixturequlsim hto flm.:-
hg liquidsrdim, the thermalinteractin betweenmltm fwl and smli’m

z(I:lscdon a Cho-hkii:htparametricrmxlelz), ccmdcnsaticmof sodiunv:qmr (noted
to be inpwtnnt in an earlyaMlysis of Cronenber#2),sodiunSIW,c,jecticm,
and theresultfrg sodim and fielmotkm reactit~~ ef feets. Claddiw fail~e
cL~.e ,md lorationcm be set by inputcriteriaIIsm, fuel the~illccmdjtf(x~s,
dLhtu.,h SAS/FCI nlso inclI u!es the intetmal ptn prcs.stlre failure criterfm
not cd ~Ibm’e, Althmwh the fmdmwnt;~lmmlel@, enTloy.cIa 1Irrped-parmwter
trcwwent for twper:lture,pressme, md sodiun d~msity in L!w fntcr.wtinn
:(.TIC, a FSUldO-b~:~,hLn lmxlulis Usd to tr~t fuelmt lonm In thism!el,
Lhe fuelmm..es\,ithn telocity foundby linenri.ntcrpolatim of the inrerfnce
S.Wlocitfcsof the mm constraini~,liquidw:wliunSILW,S,Fuel REXiun inside
thr pin is craLmi by ,~ssuninga (mifmrndecremm in (!ensicy. It c:’nbe easily
en~ti.+ionw.lthat thisvvcrprudictsthe positfve reiqctivityef f~vtt~fintemi~l
mc~tf~ll~if the f:lilureis ,~t the core ,axinl midplilne,Clmwsel y, ncwative re-
m’citpitiesare overpredictcdwith ~mmy-frun-midplunefailures,

h rnmeric:llme~lw[!of !iAS/FCIuses mcplicittine-diffcrcnci~,of u sb,lc
ordhury tliffe~~nti,llcmultiondescribingtte inturnct.ion-;wnepressure. This
siw,leeqEItiunt.w dcriwd nnillyticnllyfrmnthemmwntum equ,iitI(mstklt
ccwple pb intmTLIl and m)lmt chmmel pressuresand the rC[ zone i.n~wni}l
e;erflies, Bwk substitutionis used to obtainotherJepemlat variAlcEI.



L’%n pin failuresand .fuel--.mlant interact+c;lsoccuras calculatedby
SAS/FCI,resultinghighpressures‘inche coolantckunels are felt instantane-
ouslyin the inletplenum(thelq~~d sll~sare assunedincompressible), Rapid
i.r.letpressurizatlonscan be calculace~!,part~cul.arly~%n many subassemblies
are j;lthe ctu.imelunder~oingthe FCI process. This ~resmization tendsto
ixreasc fl.mt%in ot!:erchannelsand to delayheatup. Aichoughit is urx-ealis-
tic to incldt thisc(+~rence.emfozcedby ltmpingvany subassembliestogether
and assuni.ng that all pins fail sinmltmemsly, the pxsib~e importam of this .
effectled to the trea~,entof prima.Vlooppressuresand flewrates inclu&d
in the PRPL’Q-11ntie63 of SX$3A,ad more recmcly, PRIX4R-ISJin S&S4A.~

A prirarylimitationof SAS/~CZ Ius beem its inabiliq to treatfuelex-
p.llsionintopartiallyvoidedregionsof a channel,ds is typicalof sanecbn-
nels in an L.ZUFoverpmer condiLion(theLAF/TUPsyndrane). This limitation
and itsunrealisticpredictionsof fixlmotionre.activitieshave led to develop-
mmt of tk.e one-dtiensionalcodes PU~65 (al~~qia,n code),PLL~243 (Euler-
ian), and ETIC66(Eulerian,P,article-in-Cell), Mth PU702 and EPIChave been
or are bekg coupledto a \rersionof MS (EPIC in SAS3Dand PI.UIU2to be in
S&4A) . F&we 11 shws a cmparisun of SAS/FCIand PLLTIU2calculationsof
the TRCAT?3 experinat franRcf. 5,

fiesermdclsprovidet:~eonly awilable r~chanistictreatrentof htit is
ternedas loss-of-flow-driven tr,-u;sLwt -~.,eqxx.er(~F/T9P) ccmditions, If,
in a Ioss-of-flmaccic!ent,widin~, cl,dd-k~relocation,and/orfuelslunping
do lead to a sufficientlyM,rhoverpo,rer(’lTIP)condition,ptis in coldersub-
:Isswhliescan failwith fuelequlskm inrclicuidscdiun. If larr~positive
rcnctiviti.es t-esultfollcm-bn~ne.axtid?li~e f>ilures,autocatal-yticbel’atior
can be calcuh Led, i, e, , the hi qh-pmw 1~’els ctiusc more rapidpin f aiiures,
ird:Chlqhi:,;kerinsertion r;ltcs,hi~[her~.er le.Dels,ma men more rapid pin
f:.l{lu.ms(SM/FCI werprcdictsthiscffwt) . PLL”RUpredlcts67that such auto-
c Ita1:.zicbdw,”ioris ruch lCSSlih;ly Lh given j)y SAS/FCIpredicti[ms,
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4. DH4SSEIE3LYMODELS-- VEJUS-11

Mneras hydrodynamicdisassemblymodelshave been developed.They al;
sharethe basicapprcach,firstproposedby Betheand Taic,lof treatingthe
coren~ateriaisas a hydrodynamicfluid, Earlymdels also assuredttmt the
materialdensitiesrema’nedconstantduringdisassemblyto facilitateanalytical
solucims of the equatmns.

I’hefirstmodel to providea directnmwrical solutionto thern:ltidinen-
sioml hydrm.lynamicse~tions ~,asthe VENL’S6code c!evel.opedat @ymne Nation-
al Laboratory(ASL). This representeda significantadvancein capabilitybe-
=use tb.einclusicmof an explicitcalculationof theraterialdensitychanges
allwed the u“
cument very
tc’chniclues

The hyck~
-use the grid
pressedby

f a more a~’~ura~edens”ty-dependentequationof state. I%e
“ this code, IT2!US-11,+ will be discussedas an exarpleof the
.medisassemblyarea.

.marticsequationsare solvedin r-z Lagrangiancmrdinates, Be-
mesh deformsdth thenterial, mass conservationismerelyex-

are the densi~ and totalvolume~f t% mesh cell and ~- ancLV-—# -—
are the ir,iti~lvalues,

u o

The radialand asialaccelerationsof ~ch r,eshpint are calculatedfrm
t!-.enm,mtm equations

and
~JuQ

.,.!2 ‘

~~%erer =L! z are the Euleriancoordinatesof a gi~’enpoint in the h~~,i.ma
gridr.csh,The pressure,p, is the sm of the pressureobtainedfrcxnthe
ecpaticmof stateand theI’m Mmrm -Rich~er viscouspressure.

The mmentum equationsare solved with an explicit,first-order,finite-
diffcrencctech.iqm}previouslyused in hydrodynamics cm!cs developedat LWL27
;md in the R.KCOLL-mgewaluation codey to be discussallater, M thisap-
~n-wch,the ~sicions, velocities,~d accelerationsarc associated~iiththe
mesn points,while suchcrumtitiesaS the pressures,kvsities, and htemal
crmrriesare assccl.atcdwith the nesh cell centers. A detailedd~:elcpnmt of
the finite-differenceequutions.a.ndsolutionstrate,~is presuntedin Appmli...
B.

As \,-Lthany explicitnunericalcalculation,the tirw-step SLZCmust be
contrnllcd properly JO ensure a stable md accuratesolluti~m,‘lTmrcquircrxmts
un the time-stepc~~iol are mkle especiallystrin}:cntLmc.mlseof the &nsity-
c!uprndcnteqwtion of stateused, Nwn sinp,le-plwseconditionsdevelopin a
rwsh CC1l,the resultingpressureis an extrcmrlysensitivef~mctiunof the
iJltcrImLetlC~,y .md L!CIWity,

‘he influenceon the time-stepsizecm be appreciatedby consideringa
tiiicstepdurl.n~\hicha cell beingcompressedpasseefirm w-phase to single-
phlseCcnlditions,k soonas the cellvolune is &creased to the pcfntwhere
all the vnporsp:weis eliminated,a largeresist~, pressureskmld start



developing,&aUse finitetimestepsmst be used, theusualsi?~tion is to
re&ce the volme s-tit beyondthts point. This causesthe cqression to
k overestimated.If the timestepsare tcm large,the resultingpressurein
thecompressedcellcan thenbe greatlyoverestimated,

The VENUS-II time-stepsizeis controlledusing the stabilityindex

‘herec is the speed

~ ‘;, ,
(7)

of sound,A themesh cell area,‘Jthe specificvolune,and
“,1’is the change-inthe specificvoluneduringthe time step-.The tire-step
size,lt, is adjustedto l“~epthemxti \alueofw for all mesh cellswithin
qirically detemdned limits.

In general,the time-stepsizemust be kept very small (< 10 Ls) whmever
si@e-phase conditionsare encountered,This doesnot seriouslyrestrictthe
analysiscf energetic=wu.rsions,as the time scalesthatmust be coveredare
of or,lya fewmillisecor.ds.Fairlylongmmi.ng timesare reauiredformild
exc’m~ionstha~involveextaded single-phasepressure conditions,hmmwer.

/L significantlimitationof a M-dimensional @Tangian disassemblycwdel,
liket’E?JS-11,arisesb=au~e it carmoteasilycalculatelar,eeT”aterialdis-
placelnents.TIIerndel ‘wcmes it’accurateand eventuallyunstablewhen the
distortion:of thegridmesh grm tm large. This restrictionisnot iqortant
in analyzingan hitial ~ergetic burstbecausethe powerexcursionis norally
terr:k.atedby a relativel:~.smlloumard displacementcf the fuel. Only a few
cacirwtersof displac-.entoccurbeforethe powerhas de~reasedto insigr.ificant
l~:~ls, Alttmuzh the hgrargian calculationscan be extendedto Lar?erdis-
placementsusir~rezochg tectmiques(thisis done in scme~.CO calcdations),
nmerous othercqlications, suchas the hteracthll of the wpandin~ core
raterials~ith the surrwndingstxucmre,must thenbe consid=”ed,

5, NELT!W:ICS

I’,lilcfarnore effrrthas gone intorefiningnw,e.ic-lFIPPLCLror steady-
statencutror.icsaral~’sisof fastreactors,neutronkineticsalso FLas bea an

area of considerable~nterest. ?-lostfast-reactol-accidentcodes tie used
poir,tHnetl.cs(b.particular,SAS3Aand LTXL’S-II);butnme recently,rulti-
dL::asionAlkineticsmethcdsare cuntigintowideru’;e.

as is (;cL1Inuwn,~,+.enmaterialdensitychnp,esand the resulttigflux
s!”.lpen.ndspcccnn *es are SIull,first-orderperturbationtbo~a.nd point
rc:!clkineticsare adequate, Generally,pointkineticsis sufficimtlyaca-
a~e to predictrmutrcmLcsbehaviorduriw M.tiatiny.phase=wnts beforesub-
stantialfuelmxion. Stiikrly, In a classicalcore disassembly,largenega-
ti~.wrcnctiviticsand neutronicshutdm.mresultfrm relati~-elysralloutw.rd
::mtionsand,again,perturbationtheoryad pointkineticsare sufficiently
accurate(as\\asas.smedin the orip,inalBethe-Taitanalysis). Sane space-
~!c!wndunteffectsand differencesin diffusionand transporttheorycan be
fund even in the M casesnoted,but nure importanteffectsoccurwith the
lt~r~cfuelmotionstypicll.of l.nrge-scalefuel slmpfn~ordisper.sal in the
infti~t~,phase(IIXIof the gross fuelmotionsoccuming in the transition
pkse.

M appmxhes have bem &ken in adding space-dependsmtkineticsto fast-
rmctor accidemtanalysisCodcu. For one, direct finite-diffe’:ence methods have



bem developd (e.g., one ksed on an.explicitexponentialextrapolationmethod
to solvethe tm-ckmnsional multigrouptti~e-c!ependenttrans~rt equatior.s‘.{as
includedin S13t!ER-1) . The secondapproachbeganwith the “improvedquasistatic”
methodof Ott and Flmeley69and providedthe firsttwo-dimensionaltime-dependent
cmltigroupdiffusionequationsolutionused for fast-react~raccickz.tanalysis.
Thismthod kas used in the FX2 code,70 tiichwas cowled to the originalVEXS
code.71 Thisparticularcmnbinationwas not veryusefilbecausethe smalldis-
plac~,~ts allowedby the \rIJJ+Lagrangiantreatmnt did not leadto si,qnificant
s~ace-dependentneutronicseffects.

Tne quasistaticmethodfactorsthe space-,energy-,and tti-c!epmdentflux
(Lacangular-dependmtin the caseof transporttheory)intoa graduallydevel-
opingti.ne-dependmtspatialfluxshapeand an amplitude function,that i;,

.(x,E,t) = :(x,E,t) T(t) .

This fom is substitutedinto the approprtitediffisionor transportequation,
is ‘..:eighted(g=Lerally with the staticmaryadjoint fh-m), integratedovera11
k.?ependatvariables esceptti..e,and is normalize or :, such that

im ordinarydifferatialequationfor T(t) results. ‘J%isequationbS the form
of the usualpointkineticsequationsand specifieshow thebasicparameters
can be calculatedfran the spaPial flux shapes. The flm shapescan be calcu-
latedwith conventiomlst=dy-statefluxc“thodswith smnesourceterm added,

Becausethismethodrakesmximm use of existingstaticflu shapecahm-
lationalmethodsand beca~seit requiresa minimn of fullspace-clependertcflux
calculations,the iqrmed qusistaticmethodhas been adoptedfor bocb.SXM
(asa tw- or three-dimensionalmulti,groupdiffusiontheorysolution)and in
SltZR-II (aseithera rdtigrcup diffusionor ~ transportthec~{tvm-dimn-
sionalsolution). In recent?pplicationsof S12f!ER-11,both fullspace-depmdent
kir.cticsand a transporttheoq treatnmt have provednecessaryfor cercain
transitionphaseprcblex.72

6. (ZHA.L CORE DISRLT’TIONAND EXIEiDHl}!OTION-- S12!HI

The ultirategoalof thematerialrmticmanalysisfor a core-dismptive
accidentis to describethe fuelmoticmuntila permanentlysubcriticaland
cmlable configurationis attabed, Thisprotidesinitialconditionsfordar-
age evaluationand postaccident-heat-rmoval calculations,In m=my cases,
this invol’.’esrenovinga sizablefractim of the fuel to a positinnwell
be::cm!the irmdiate core regim. For accidentsequencesthatdo not pr~eed
directlyintoa ,qrossmechanicaldisassembly,thisremval processnay occur
o’:crrany secondsand my inmlve cmnplexinteractionswith the stmcture sur-
roundingthe core. Becausesuchcodesas MS and LZWS-11 were unableto ad-
dressthisproblanproperly,the developrwntof severalnew mdels wds
instigated,

The 1imited Lagrangian rnethals led to the dwelopnat of the extended
materhl rmxioncedes,suchas TVJIKK)Land V1741JS-111at ANL,ti SJIFIER at IJ4SL.
These are all based on the hnplicitMch.Kx.M ?!klerian(ICE tw-flufd nwthcd

$ck%wlopedby W1OW and Amsdenand used in the KAcHINAcode,3 VENL’S-111and
T!t3P03L,~-Lththeiremphasison nmeri~li efficiency,are veryusefulfora



class of roblens.
[

BecauseSIWllZR-11has a broaderran~eof applicability
acl-i.aedy includinga structurefieldand all corerr~.zerials,it ;.~illbe the
subjectof the furth= discussionhere.

The SY3FER (~, Implicit, .‘lultifield,Multicompnent,Eulerian,Rec...tical-
ity)developrmt effo~twas I@& in 1974 t~ prcnridea gene~almechan~sticcode
franc..mrkto addressall the disruptiveaccidmt analysiseventsoccurringbe-
tveenthosecoveredby themultictiel codes,suchas !34S,and the darage
assessmnt codessuchas REXO. One of the initialobjectiveshas to prtide
a E901 for resolvingquestionsof recriticality74folloh-ingcorematerialex-
pulsionafterarnilddisassembly.Hmmer J the SllPERmodelingfram~mrk was
rade sufficientlygaeral to allowstudiesof transitionphasedevelopment.

SBt”ER-11 is a coupledspace-and tin-depmdent neutronicsand multiphase,
~,~iticqmnentEulerianfluiddynmics ccmputercodedesignedto calculatethe
tt,m-dir,ensional(Y,z) moticmof UIFBRcoremterials duringa core-dismptive
accident, The neutronicscalculationin SIM4ER-11 enploysthe quasistatic
mthcd to solveeithermultigroupdiffusim or transportequationsin w
spacedimensions(r,z) and in time, As an option,the pointkineticseauations
ray be solved. me fluidd}maricscalculationsolvesmulticurpment,multifield
coupledequationsformass,nmentum, and energyconservation.(A fieldis e
setof ~aterialshavingthe samevelocitydistribution.) In SEIZR-11 all
\’aporccqonents lw;e one velocityand all liuuidccxnponmtshave smothervelcc-
ityat a givenspace-tinepoint. The um fieldsare rrrmntm-coupledthrough
drag terms, In additionto the tvoma- fields,a “structure field”is in-
clud~ to acco~t for stjll.intac~solid~terials, }iobileparticulatesolid
raterialalso is allcxiedin the “liquid”field.

Each~’elociqfieldcontainss~~eralcaqxments, and each ccrqmmt is
describedby densityand internalenergydistrl’mticns.To accountfor differ-
ent mrichnent zonesand differentdegreesof bumup, the fuel ~~pi-til in

S~:.Hl-11can be separatedintofertileand fissilecmponents, For exqle,
m an U“TBR fueledwith tixedu.rariunand plutoniundioxide,the fertileccrzpo-
nmt can be approximatedas depleteduraniundioxide,and the fissileccqmn-
enc as pLuLoruunauxaae. ‘LheseM ccqor.entsare nmdeledby tm distinct
densitydistributions,lmt,becausetheyare intimstel:~ti~ed,onlyone enerq
distributionis necessaryto detemi.netheircccmonlocaltemperature.A con-
trolmaterialccxnpm~~tthatusuallyis nmdeledas boroncarbide(J34C)is needed
to treattheneutronabsorptioneffectof thismterial and its themal inter-
actionskith ochermaterialsh tbe reactorcore. A fissiongas ccmponent
also is kcluded, mt only to providepressurewhm it is releasedfranthe
unrest?mcturedfuelmatrixto thevapx field,but also to accomt for the
presenceof nonconlknsiblesin the phasecrmsition nmdels, Ths, S13tXR-11
l-as six basiccmponents: fertilefuel,ii.ssilefuel,steel,scdiun,control
material,and fissiongas. A separateaccountingmust be made of ~atcrials
tr~tmelt and thenfreezeeitheras partimlates in the liquidfuelor on still
solidstructuralccqonents (thecan walls,for example).

Fi:,qx<12 smnarizes the S~1E3 computationaland modelingfr.-uxz,vrk,
Withinc~ch fixed(Eulerian)gridrwsh, considerable!rmx!elingdetailis allot+ed
thra.,1.themultifieldcalculatiormltechnique;tk,c is, liquidand ~n~r flm
are treatalwith separateconsewt~ticnequtions and the stmctural fieldis
used for solidelsnmts (i.mactfuel,claddingand tire ~,raps,cmtrol rods,
iandSUbaSSQ’Ilhlycm walls). Subassanblycan walls,if intxt, restrictradial
rm~ionbe~~~ cells, M thisway, themethodolo~ycan enccmpass a multichannel
tr~.~nwntas tith un initiating-phasecede suchas WM. R~dialmotionis
allowedk’hencan W“ 1s are calculatedto failas occursin a transitionphase.
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The ~actor -~cursion~,taimcmt ~!UXCO)co&s were developedto analyze
theresponseof U~BR prir@ systemsto core-dismptiveaccidents.An -rly
\’ersionof RIXCO-H75provi(!cdml y a tw-ciimnsiunalhyc!rody.amicsanalysis.
A laterversion,RHCO-HE?,10 also includedthe elasticand plasticdeforratims
of thereactorstncr~res and ccqments,

‘w qua. ;‘.,1s Of r“lf~-‘ -Iart tzl.~tedwith the sarw tm-di~~’nsiomlLagrargian
fonnula~iondiscussedearlierfor t!:eWXS-11 code. A rain differenceic in
the quacion of state,as the R.EXCOcodesdealprkcipally with scdim as a
mrking fluid. In addition,an Eulerianfomul.ation~as developed to fa~ilicate
cke ukulation ‘Jfkrger degreesof material TKXiOn. This code, ICEUI, 16 also
is ksed on the ICE51 formlaticm. ‘The convective terms in the mss equation

ant the pressuregradientsin t;%rmentm equationare evaluatedat ach:anced
Kirles, Eli+.nation of the rass-f lux lxtwm the rass and rment~ equations,
in c(mj’rc~ion “~.ith an eqution of state relating density and pressure, reduces
this set to a Poisson-c:J~eecruation.







used to calmla~e s=’eralqeriwnts twIfigsignificantrate effe&theTh&e
i-rrcludeOak Ric!~e::acionalUboratory cIRrtil) FXT/CRI wperiimnts,
l/30-scaleflashiq;-source experiment, $0 Sandiaprcmpc-burstcc-c’rsion(PEE)
experirrts,86and L?w %u~fie~!lZAflashi:g-sourceq.erkwnts .87 Ln the lISE
case,good agreewnt couldbe obtainedonlywhen a nucleation-sitedensity
~,Llelwas ~,!(.ld~,, . In msc ott,lzcases,the ccqarisuns are sufficic~]cl”~rw+scr,-
ablc ~giw.enlinitedqkrir”encaldata)thdlrmdelchanpesare r,rtj’:5zifiec!.

~.”crall,S~~7R !-ASbeen quite Ll,{mnxhly testedfor the b’1:le exptmsicn
probks. @ne r~~ining problm,triththe SE.:IX modeling frarwmrk is :Fat
K!;e Euleriansolutionleadsto “nmerical”mixing. The mixingeffectis dc-
pcndw: ~,11r,~.sh-cellsizeand is ~aq~eratedktienlargemesh ccl]s are used
because the necessary a’.’eraging of quantities within the cells tends to equi-
librate t~ratures too rapidly(orat leastnorrnechanisticall:~). TiciseF-
feccray not be simificanc in the small-scaleqerti.ent analysesbecauseof
the necessarily srall mesh cells used, but it cculd be a factor in extrapolat-
ing “-.’erified” rate effects rnclels to full scale. Testirg for o~hertkm ex-
p~-.si~prcblg?s,suchas choseof the transition pbse, has been ve~ lk.ited.
~.e w.ccp:ion is chat SIf~ >.as used to calculate,88 relati’.wlysuccessfld”::,
c% W.-’-,ii??test for the fullspanof xxli!anboilinR,cla~!dingrelocation,
.UX!FJC1r.otion.



results, the toral fissicm e~ergy releases, are cqvwed to the r,wasured values
in ia!~leI. The calculated fission ene~gies for the tw SiAPiP&4 tests fell
wLzhin the mcertaintv rarge of che experimental data, but the code werpre-
c!icwd che KI!JX-llW &perirent by 25%. Additional analysis of KINI-T%T, ha+
e:er, shad this discrepancy cald readily be aqlaintd by }uat-tra.nsfer ef-
fuc:s associated with the rwctor’s beadedfuel (a complicationnot present in
a!! !::=M).

:3JWWUS part~.etric caI,:\:L3t!l’Rs also wre per~(.’:-ed c?-at dmm.strated
z% relac!.ve h.::sici~tity of the ‘bE,V+II results to reasonablemcertainties
La the Iu2yparmeters. IrIche SMFWW experiments,the rmst sensitive param-
eters ~=re these related to the tqerature feedback effectsthat~ere dar.irmnt
La these=cursions. MS is si.nilar to ::he situation found h mergetic GTBR
excursions khere Ibppler feedback is usually the dm.imnt effect.

Badng unforeseenfeedkackeffec~s,the code should be ~.wn mre accurate
“.1+.uIap-lk.d to ~ergetic U.- transients, gs ~iis is because the key par=.-
cters &meat cqmclty, tqerature coefficient, and emmtion cf state) are
rcla~~-.mi:~ !xctcrlmot.n for,U~E”~R, l%ua, the mod wrecrwnt cbsemw! in
:~,ese cxyrkxmv”~l cqarismx lends ccmsiderable cunffdcnce to IIZXS-11U’TBR
~!kww.bl:~;U--I1:’SM.
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AcKm7.Emm”Em

Our aclmcwle@rmts and apologies go co the mny co-aucimrs on our pre-
vious papers fran dtich much of this material -s drawn, I%e descriptions of
nmerical methds, largely pruvided by D. P. Vekr in Ref. 96, were part kularly
vals+le. We also achxmlec!ge t% pioneeri~ contri?xi “.ons nde by key people
in che develqxnent of the state-o~-the-art nec%mistic HCl14analysis techniques
discussed here. Sime of these are R. B. !Uchclson, F, E, Wnn, T, J. Heames,
W. R, h.!-J, L. L. !+ “%, J, E, kti~ll, C, R. Ekll, and Y, Chmg, :%st im-
por~ant 1::, the efforts of G. J. Fisc!:ar in tistillix,q the idea that rmchsnistic
analysis is both wrtktiile and possible and his early leadership in the de-
v~loymt of ara 1::s1s techniq~es, ~,ere an emmmus ccmribution,



by techniques tlwt periodically regularize the grid. These technai’ ws are
generally crufce c~wplicated and introduce e=ors into the Calculacir ~ each tke
they ●re applied.

The use of him.m~.iarr cmxdi.rmtes cm offer distil ,ct mlvarta~es for certain

q.~es of Sr-all-displacamt hydrcdyrm.ics calculatims, hmwer. For -k,
r.~zcrial ~n:erfaces can h readily ret Llh?ed. Also, the rmthudtic:ll fmnula-
tiun is quite shnple. ‘l%is is illuscrdrd in ~!le de’.wl~yr:en~ of t!w ‘,’EKS dis-
aswnbl:~ co-!e f Lnice d ifferlrce w Lntim-A presente~i k :..ppcr.l!& B of this
c!!:ipcc=.The p lblcm sol~w! by ‘.’dJL’SIs ‘.:ell suited to IJww:.m~.i,m cmmli.nates
because core rmteriai displacerems of only a fw centimeters are typically
required to te=J,nat e a Frcqt -cri: ical neut ronics ewurs ion. ‘Ihe LWZW ~an
ccmrdina’-e a~proach also WM used in the early versions of the FEW) chaze
e:al’=t icm cde, A later version of the code ticqxmted nesh cell rerxwral-
L.l:ion to fwilit.~te the anal:tsis of lar~er displacmmnts,
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m thenstartdif& @ tkw.h the c~her msh cell boundaries during the
WXK ti=e step. llris can result in srmli amtmts of raterial diffusing through
the ,c id much cmre rapidly than the rwcerial cm physi=lly [we.

%- nmre ccqlicated sctwnes twe been developed t}at try to cmbine the
:1S.’:i~t: wes of bth apprcdches. h one such schme, the ?article-in-Cell (PK)
:-~zhi ~~ the cmc inucms fhid is replacedby a set of !iscreteLagT.ar.,7hnr-ass
pkts ‘=lled purtjrlcs. The moricln of theseparticl~.tL%cw.h a fixed Eulerian
n~sh is ca Iculated.

u. licitVs irplicit.
+

h illustrate the difference bem.=en explicit ad
i~lic t ~qerenc~~ s, consider the followtiqg parabolicequationq~

n

(A-I)

T: m ~~.ish to sclve for U(X,t) nuwically, wc can superimpose a mi i mesh ~ich
;x-idL%e indicescf j and k in G“.e t and x directions, respectfi~ely. This
Iwtntim is illustrated in Fig. A. 3. Let the solution at petit (j ,k) be de-
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Fig,A-3 . Grid mesh represmting
espliclt differencing
approach,

Fig . A-4. Grid msh representing
implicit differmcing
approach.

~.~lcally, this critericmforces the ti~-step size to bemch smaller than
muld be required to control the tnmcation error, Tlms, altbugh explicit
techrApes are cmputatimally simple, the restriction on tin-e-step size only
wkes ckmpractic:ii for problens tbt cover short-time intervals. An explicit
a~prnach can be wccessfullv used in r~ctor disassunbly codes such as ~.KIX,
because a q.~ical disassw,bl:? calculation only covers a the interval of sev-
eral =ilLisccon& or less,

~’ ccns~der aqnew difference representatlm tkt is cu,tered on point
(:Al,})”: If “h/’Ix~ is ilppoxkated;i rolnwl.th a centraldifferenceexpressicm,
~Y:: ,u/!t is nw represented by a baclci.wd difference e~ression, the result
J&.5

(A-3)

TJe ~o!nts im”clvetl In this difference schme me shrm in Fip, A,4, ?kti die
‘::.IILws of u at pokts A, B, and C are all unknm, Althowh Ea. (A-3) cmmot
he sOh.’eLl c l~citly for these mhcws, it can be written for all of the

T~’iIlrS k-1, -, .,, , n, re.sultfng in n line,ar equqtim9 in the n Lmlmckms

q+~,~’ IIxw quat funscan thunbe solvedwith stand,wdntr:erkalnmtrk
Ccc:”mquc9. ~Wh XI ~pproi~~h h said to bC @licit,

‘t . +4t. ,

~hxc v iti thu nwt rrl:ll w lw’ity. ll~in {s n~gh less restrictive thm is ob-
tainod for explh:it apprunches,
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A numterof advanced @licit techniques have been dweluped. tie that
has fcamd considerable applicationin reactorsafety codes is the Irplicit
Caxhuuus- fluid~lerian (ICE)technique.51 MS techniqueWS &veloped for
rultidimwi-1 flcm at all flow speeds. It featuresan implicittrea~ient
of dmsity in the eqution of stateand of +&e densityand velocityin ther,ass
equt ion.

HYDRODWWICS

B.1 ~\~Oi)KI’ION

This appendix gfi:es a &tailed
SOII1t ion stratew used in a reactor

XD REXCOCODES

axample of tk different equations and
safety cmputer code, The appendixin

Chapter13 c!is.~sesan exarpleof an hpiicit~Euleriantechnique-,so we have
clwsento developan explicit-hgrangian examplein thisappendix. For this
purpose,w vill discussthe nmerical tec!miquesused to solve the hydrody -
r.tics equations in the original VEIN (d isassenbly) and RIXCO (ckw g8eval:-
,acion) codes. This nethod was previously developed and used at LXSL.- .
d~welc~.ent prescribed here till follow that Eiwm in Ref. 101.

.0 \’.

‘-y’

equations are solvai in Lmrmw Ion cmm!irh;ltcs, rlllss
mrely by

(R-1)

mm!



B. 2 DLFF-ERiX.XEQUATIONS

~ developingthe differenceequations,the notaticmdepictedin Fig. B.1
hill be used. kause tk Lagrangiangridroveswith the fluid,it will be-
ccme distortedas illustratedin the figure. The rmh pints (theintersec-
tionsof hgrangiac grid lines)are identifiedby a pati of integers(I,J).
ihe ‘esh cellsare identifiedby the integersof the lomr leftmesh point (Ln
c~:eunc!efori:~dLagr~qian meshes); for ex~,ple,the mesh zoreCYX!!is identified
as zone (I,J), Positions,velmities, and accelerationsare assw.edtc be as-
sociatedwith Lk,emsh points;theyare identifiedby themesh-pointintegers
as subscripts. Specific volunes, dmsities and pressures,strati, anOIin-
ternalenergies are assmd to be associatedwith L!W cells;theyare ia.mti-
fiedby themesh cellnmbers as subscripts. The thes t, t + Lt, and t ‘ .“t/2
are id~,tified by superscriptsn, n + 1, .md n + ~. The latteralso is us=
to identifythe chargein a quanti~~betmm tn and t~l. l.%ereappearm,
che superscript O denotes the initial value of a auanticy at the start of the
problm.
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